Background/Aims: Giant cell tumor of bone (GCTB), one of the most common primary bone tumors, leads to extensive bone destruction. However, the mechanisms underlying GCTB progression remain elusive and prognostic factors and treatment targets are required. In the current study, we explored the function of the chemokine family member CCL20 in GCTB progression. Methods: We explored the expression of CCL20 in stromal cells (GCTSCs) using microarray. Clinical analyses of the role of CCL20 in tumor progression were performed based on the patient cohort of our institution. The role of CCL20 in tumor proliferation was evaluated by MTS assay, migration ability was measured by a Transwell assay, and osteoclastogenesis was induced by CCL20 or GCTSC-conditioned medium. Quantitative PCR and western blot were used to measure the expression levels of mRNAs and proteins related to tumor progression. Results: CCL20 was upregulated in GCTSCs and correlated with tumor progression and prognosis. CCL20 induced GCTSC proliferation and migration in an autocrine manner. In addition, CCL20 recruited mononuclear cells and induced osteoclastogenesis by overactivating the AKT and NF-κB signaling pathways. Antibody blockade of CCL20 abolished the exacerbated osteoclastogenesis. Conclusion: Taken together, our data indicate that GCTSC secretion of CCL20 acts as a key modulator in the pathological progression of GCTB. It can promote GCTSC proliferation and migration in an autocrine manner and can recruit bone marrow monocytes to the tumor microenvironment and enhance osteoclastogenesis in a paracrine manner. These findings strongly indicate the potential prognostic and therapeutic value of CCL20 in GCTB.
Introduction
Giant cell tumor of bone (GCTB) is one of the most common primary bone tumors, accounting for approximately 5% of all bone tumors [1, 2] . GCTB predominantly occurs in the metaphysis, thoracic vertebra, and sacrum of individuals in their third and fourth decades of life and shows a female predilection [1, [3] [4] [5] . This kind of tumor is osteolytic and comprises three major cell populations: osteoclast-like multinuclear giant cells, mononuclear precursors of osteoclasts, and spindle-shaped stromal cells (GCTSCs) [6] [7] [8] .
GCTSCs are considered to be the tumor component, but the exact function of GCTSCs in the tumor microenvironment remains elusive.
GCTB is classified as a benign but local aggressive tumor with a 1-9% incidence of lung metastasis [9] . Currently, the most effective treatment for GCTB is surgical excision. En bloc resections are recommended but not always viable due to tumor size or local anatomical structures. As a result, insufficient surgical margins lead to high local recurrence rates [1, 5] . Bisphosphonates and denosumab can be used to control bone destruction but have little effect on GCTSCs [8] . Thus, proper prognostic markers and therapeutic targets are urgently needed for GCTB.
Chemokines are small chemo-attractant proteins distributed among four subfamilies named C, CC, CXC, and CX3C [10, 11] . Members of the chemokine family biologically interact with chemokine receptors, which are all G-protein coupled receptors, and act as mediators in the processes of cell proliferation, migration, and differentiation [12, 13] . Previous studies have indicated that chemokines play important roles in tumor pathology and progression [14, 15] . CC-chemokine ligand 20 (CCL20), also known as macrophage inflammatory protein-3 alpha (MIP-3α), is expressed mainly in mononuclear cells, T lymphocytes, and endothelial cells. CCL20 can be induced by a variety of cytokines, such as tumor necrosis factor alpha (TNFα) and interleukin 1 (IL-1) [16] [17] [18] . CCL20 is upregulated in some solid tumors, such as breast, liver, colon, and pancreatic tumors. Furthermore, CCL20 is associated with tumor progression and prognosis [19] [20] [21] [22] [23] . However, the functions of CCL20 in GCTB have not been examined.
In the current study, we found that CCL20 was upregulated in GCTSCs compared with normal bone marrow stromal cells (BMSCs). The serum CCL20 level was also elevated, which correlated with tumor progression and patient outcomes. We further confirmed that CCL20 can promote GCTSC proliferation and migration in an autocrine manner while recruiting and inducing mononuclear cells to differentiate into osteoclasts. Antibody blockade of CCL20 abolished the exacerbated osteoclastogenesis. These results indicate the potential value of CCL20 in GCTB progression and show that CCL20 might be a promising prognostic factor and therapeutic target in GCTB patients.
Materials and Methods
Patients and microarray analysis A total of 32 GCTB patients and 13 normal donors were involved in this study. Tumor samples, bone marrow cells, and peripheral blood samples were collected after the participants provided written informed consent. The study was approved by the Ethics Committee of Changzheng Hospital. Total mRNA was extracted from five GCTSCs and five BMSCs and subjected to microarray analysis. The results were further analyzed to elucidate the changes in the expression levels of chemokine family members.
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Forward primer (5' >3') Reverse primer (5' >3') β
Cell culture
GCTSCs and BMSCs were isolated from GCTB samples and bone marrow from normal donors as previously described [3, 6] . RAW 264.7 cells were obtained from the Type Culture Collection of the Chinese Academy of Sciences. Cells were cultured in Minimum Essential Medium α (α-MEM; Gibco) supplemented with 10% fetal bovine serum (Hyclone) and 100 U/ml penicillin-streptomycin (Gibco). Cells were cultured in a humidified incubator (Thermo) with 5% CO 2 at 37℃.
RNA extraction and gene expression analysis
Cells were collected and total RNA was extracted with TRIzol reagent (Invitrogen). Then, 500 ng total RNA was reverse transcribed with PrimeScript™ RT Master Mix (Takara) according to the manufacturer's instructions. The complementary DNA was used for real-time PCR with SYBR Premix Ex Taq (Takara), and data analysis was performed using the 2 −ΔΔCt method with normalization to the endogenous control β-actin. Primers are listed in Table 1 .
Enzyme-linked immunosorbent assay for serum CCL20
An enzyme-linked immunosorbent assay (ELISA) was performed to determine the serum CCL20 protein levels. Briefly, 100-µl serum samples from each GCTB patient or normal donor were measured with a CCL20 ELISA kit (Invitrogen) according to the manufacturer's instructions.
Cell viability assay
The cell viability of GCTSCs was determined by the MTS method. After 48-h treatment with the indicated concentrations of CCL20, cells were counted with a VERSA Max Microplate Reader (Molecular Devices) as described previously [24] .
Transwell assay A Transwell assay was performed with Boyden chambers (Corning). GCTSCs or RAW264.7 cells were collected and re-suspended in blank α-MEM after 12-h serum starvation. In total, 6 × 10 4 cells were plated in the top chambers with or without the indicated concentrations of CCL20. The bottom chambers were filled with 600 μl medium supplemented with 2% fetal bovine serum. After an 8-h incubation, migrated cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Bright-field images were obtained with an Olympus inverted microscope and migrated cells were counted using Image-Pro Plus 6.0.
Mouse bone marrow monocyte isolation and osteoclast differentiation assay
Mouse bone marrow monocytes (BMMs) were flushed and isolated from C57/BL6 mice as previously described [8] . Then, 8 × 10
3 BMMs were seeded into 96-well plates and incubated with 10 ng/ml M-CSF, 50 ng/ml RANKL, and different concentrations of CCL20 or GCTSC-conditioned medium. After 5-7 days, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X 100 in phosphate-buffered saline for 5 min. The cells were then subjected to tartrate-resistant acid phosphatase (TRAP) staining with a Leukocyte Acid Phosphatase kit (Sigma-Aldrich). TRAP-positive osteoclasts were photographed and then counted.
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Protein extraction and western blot analysis
Total protein was extracted using RIPA buffer. Samples were equally loaded in a 10% sodium dodecyl sulfate gel and transferred to nitrocellulose membranes. After being blocked with 5% bovine serum albumin, the membranes were incubated with the indicated primary antibodies overnight at 4°C. Then, the membranes were incubated with DyLight 800-conjugated secondary antibody and scanned with LI-COR Infrared Imaged Odyssey (Gene Company Ltd.).
Luciferase reporter gene assay
Dual luciferase assays were conducted in a 24-well plate. Plasmids were transfected into 70% confluent HEK293 cells and RANKL (receptor activator for nuclear factor-κB ligand) and different concentrations of rmCCL20 were added. After 48-h transfection, firefly and Renilla luciferase levels were quantified sequentially using the Dual Luciferase Assay kit (Promega) following the manufacturer's recommendations.
Immunofluorescence staining RAW264.7 cells were seeded on glass coverslips and fixed with 4% paraformaldehyde. After permeabilization and blocking with bovine serum albumin, the cells were incubated with primary antibody at 4°C overnight and secondary antibody for 2-h at room temperature. The cells were then incubated with DAPI for 5-min and mounted on glass slides for microscope analysis.
Statistical analysis
The results are reported as mean ± standard error of the mean (SEM). Significant differences between control and experimental groups were determined by an unpaired Student's t test. Survival curves were analyzed by a log-rank test. p<0.05 was considered significant.
Results

CCL20 is upregulated in GCTB patients and is a poor prognostic factor
Human microarray analysis of stromal cells was performed for five GCTB patients and five normal BMSCs (Fig. 1A) . Bioinformatics analysis of chemokine family members revealed that CCL20 was significantly upregulated in GCTSCs with a fold change of 3.83 (Fig. 2B) . To further confirm these findings, quantitative PCR (10 GCTSCs from patients versus 5 BMSCs) and RT-PCR (5 GCTSCs versus 5 BMSCs) were performed ( Fig. 1C and D) . The results indicated that CCL20 was significantly upregulated in GCTSCs. Meanwhile, the expression of CCR6, the receptor for CCL20, was also upregulated in GCTSCs.
Because CCL20 is a secretory protein, we next determined the serum CCL20 protein levels in 32 GCTB patients and 13 normal donors (Fig. 1E) . The results indicated that CCL20 protein levels were dramatically upregulated in GCTB patients and were correlated with tumor size. Patients with larger tumors (diameters > 8 cm) had higher levels of serum CCL20. A comparison of local recurrence and overall survival rates revealed that high levels of CCL20 indicated a worse prognosis (Fig. 1F) . Finally, we performed receiver operating characteristic (ROC) curve analysis to determine the ability of CCL20 to predict GCTB prognosis (Fig. 1G) . The area under the curve (AUC) was 0.8026 (95% confidence interval, 0.6745-0.9313, p=0.002), indicating good performance.
CCL20 promotes GCTSC proliferation and migration in an autocrine manner
Because CCR6 was upregulated in GCTSCs, we first investigated whether CCL20 acts as an autocrine factor. A Cell Counting Kit-8 cell viability assay revealed that recombinant human CCL20 (rhCCL20) dose-dependently upregulated GCTSC cell viability ( Fig. 2A) . Although classified as a benign tumor, GCTB can be associated with potentially aggressive behavior and a 1-9% incidence of lung metastasis [9] . A Transwell assay indicated that rhCCL20 dramatically promoted GCTSC migration (Fig. 2B and C) , which might at least partly explain the aggressiveness of GCTB. Both the proliferation and migration effects of CCL20 on GCTSCs were abolished by CCL20 antibody (Fig. 2D and E) . However, neither of the effects was observed in BMSCs ( Fig. 2F and G 
CCL20 recruits BMMs to the tumor m i c r o e n v i r o n m e n t and further promotes osteoclastogenesis
The tumor microenvironment of GCTBs is considered to be osteolytic. It is widely accepted that the spindleshaped stromal cells can recruit mononuclear precursors to the tumor microenvironment and induce the formation of osteoclast-like giant cells. The expression was previously confirmed of CCR6 in BMMs [12] . Thus, in the current study, we examined the effects of CCL20 on BMMs. A Transwell assay showed that recombinant mouse CCL20 (rmCCL20) dosedependently promoted the migration of RAW264.7 cells (Fig. 3A and B) . We separated the BMMs from 4-6-week-old mice and induced osteoclastogenesis with RANKL. The results indicated that CCL20 dosedependently promoted osteoclast differentiation (Fig. 3C ). Statistical analysis revealed that both cell numbers (Fig. 3D for cells with > 5 nuclei, Fig. 3E for cells with > 20 nuclei) and areas of TRAP-positive cells (Fig. 3F) were increased after CCL20 treatment. According to a bone chip assay, bone erosion was exacerbated by CCL20 ( Fig.  3G and H) .
The expression levels of osteoclast marker genes were further evaluated. Marker genes of osteoclast differentiation such as Trap, Nfatc1, and C-src (Fig. 4A-C) and cell fusion marker genes such as DC-STAMP and Atp6v0d2 (Fig. 4D and E) were all significantly elevated after CCL20 treatment. Overactive osteoclastogenesis is attenuated by CCL20 antibody Osteoclastogenesis can be induced by GCTSC-conditioned medium containing RANKL (Fig. 5A) . Because CCL20 is secreted by GCTSCs, we used the monoclonal human CCL20 antibody to neutralize CCL20 in GCTSC-conditioned medium. Consistently, CCL20-exacerbated osteoclastogenesis was abolished by CCL20 antibody (Fig. 5A  and B) . Osteoclast marker gene expression was also attenuated by CCL20 antibody treatment (Fig. 5C-G) .
CCL20 induces overactivation of the AKT and NF-κB signaling pathways
To further reveal the intrinsic mechanisms of CCL20 in GCTB progression, western blot analysis of the AKT and NF-κB signaling pathways was performed (Fig. 6A) . Phosphorylation of AKT, IκBα, IKKα/β, and NF-κB p65 were all enhanced after CCL20 treatment. Immunofluorescence showed that CCL20 promoted RANKLinduced NF-κB p65 nuclear transportation ( Fig. 6B and C) . A luciferase reporter gene assay revealed that the NF-κB luciferase activity of HEK293T cells was significantly upregulated after rhCCL20 treatment at the indicated concentrations (Fig. 6D) . The AKT inhibitor MK2206 was used to further validate the activation of AKT signaling. CCL20-induced GCTSC proliferation and migration were all abolished by the addition of MK2206 (0.5 μM) (Fig. 6E and F) . All of these results indicated the overactivation of the AKT and NF-κB signaling pathways. 
Discussion
Although GCTBs are predominantly considered benign and to show an osteolytic local aggressive lesion, some GCTBs show unpredictable behaviors. The term "malignancy in GCTB" is used by the World Health Organization to describe such tumors, which show malignant potential and can completely transform into malignant tumors [25, 26] . Currently, preoperative prediction and postoperative monitoring of GCTB patient prognosis are limited and mostly rely on patients' general information, radiological features, treatment history, and tumor pathological reports [1, 4, 5] . Therefore, identification of sensitive and specific factors that can predict tumor progression and prognosis, particularly those found in the serum, are urgently required. In the present study, we found that CCL20 was upregulated in both tumor samples and patient serum and could be used as an independent prognostic Error bars are mean ± SEM of three independent experiments. **, p<0.01; ***, p<0.001. (D) Relative NF-κB luciferase activity of HEK293T cells after rmCCL20 treatment at the indicated concentrations. Error bars are mean ± SEM of three independent experiments. n.s., not significant; **, p<0.01; ***, p<0.001. (E and F) CCL20-induced GCTSC proliferation and migration are abolished by the AKT inhibitor MK2206. Error bars are mean ± SEM of three independent experiments. n.s., not significant; ***, p<0.001. (G) CCL20 is secreted by GCTSCs and acts as a key modulator in the pathological progression of GCTB.
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Cellular Physiology and Biochemistry factor with good performance (AUC=0.8026) that was correlated with tumor progression. CCL20 has been identified in several solid tumors and proven to play important roles in tumor progression [27] . However, the function of CCL20 in GCTB remains elusive. GCTSCs are currently accepted as the tumor component of GCTB and can recruit mononuclear cells to form giant cells. These giant cells can further absorb bone matrix and lead to bone breakdown [3, 6, 7] . RANKL/RANK are widely accepted to be key regulators of bone physiology that control osteoclast development. In the present study, we revealed the upregulation of CCL20 in GCTSCs and identified its functions in two respects. We found that CCL20 could act as an autocrine cytokine to promote GCTSC proliferation and migration, which might contribute to the malignant performance of GCTB. Meanwhile, CCL20 could also recruit mononuclear cells and promote RANKL-induced osteoclastogenesis in a paracrine manner, which may reflect the osteolytic clinical features of GCTB.
The treatment strategies for GCTB are limited to surgical resection [8, 28] , although bisphosphonates are effective in the local control of GCTB-induced osteolysis [1, 29, 30] . The monoclonal human RANKL antibody denosumab has been approved by the American Food and Drug Administration for unresectable GCTB [31] . Clinical experiences indicated that, after denosumab treatment, GCTB tumors are under control and that parts of unresectable tumors become resectable. The typically red and soft tumors become gray and hard, and pathological examination identifies few giant cells, but abundant GCTSCs, after denosumab treatment [32, 33] . However, both bisphosphonates and denosumab show limitations in the control of GCTSC progression. In this study, we demonstrated the dual signaling functions of CCL20 and indicated the potential therapeutic value of CCL20 targeting in GCTB patients.
Our previous studies and the literature have shown that the NF-κB signaling pathway, which plays an important role in tumor progression and osteoclast differentiation, is overactive in GCTB [3, 8, 34] . In addition, CCL20 is reported to promote the phosphorylation of AKT [35] . Overactivation of AKT signaling can also induce the upregulation of NFATC1 and further promote osteoclastogenesis [36] . At the same time, overactivation of AKT can also promote tumor proliferation and migration [35, 37, 38] . Our results indicated that GCTSC-secreted CCL20 could significantly induce the overactivation of both the AKT and NF-κB pathways during osteoclast differentiation. Additionally, the upregulation of osteoclastogenesis marker genes was abolished with CCL20 antibody treatment. All of these clues indicated that CCL20 can promote GCTB tumor progression, at least partly by regulating the AKT and NF-κB pathways.
Conclusion
Taken together, our data suggest that GCTSC-secreted CCL20 acts as a key modulator of the pathological progression of GCTB. It can promote GCTSC proliferation and migration in an autocrine manner and can recruit BMMs to the tumor microenvironment and enhance osteoclastogenesis in a paracrine manner (Fig. 6G) . These findings strongly indicate the potential prognostic and therapeutic value of CCL20 in GCTB.
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